Introduction
Photovoltaic (PV) modules are laminates composed of layers having very different mechanical properties and fulfilling different functions ranging from energy production to protection from the environment. Two main types are available on the market: (i) rigid panels with a glass cover on the top of the stacking of layers to provide rigidity and protection against mechanical loads, typically installed in PV parks; (ii) semi-flexible panels to be bonded onto flat or curved substrates where protection is guaranteed by a polymeric layer which allows a certain degree of flexibility. Since PV modules are in-mal cycles inducing degradation, significant impact on power-losses can take place. Hence, for semi-flexible PV modules, it will be concluded that EL inspection should be performed and the type of substrate and mounting conditions should be included in the testing procedure, since they shall be essential parameters to judge about the suitability and safety of a flexible PV module depending on the specific application. The problem of impacts and contact mechanics in dynamics has been extensively investigated both from the computational methodology point of view [11] [12] [13] and the applications [14] [15] [16] [17] [18] . However, most of the contributions available in literature concern applications in the marine, aerospace and defence fields [16] [17] [18] [19] [20] , where the commonly used composite sandwich panels are made up of two thin but stiff facesheets or skins separated by a lightweight and thick but low modulus core. Analogously, the problem of hail impacts has been mainly studied with reference to aerospace applications, characterized by high velocities [21] [22] [23] [24] . On the contrary, the present problem involves composite laminates with soft polymeric encapsulant layers that have to be modeled as hyperelastic materials at finite strain, a layer of Silicon cells with a very brittle mechanical response, and the difficulty to assess the extension of cracking that cannot be made with the naked eye, all aspects not in common with composite shells for defence, marine and aerospace applications. The conclusions in Section 5 pinpoint that the crack pattern strongly depends on the impact velocity and on the stiffness of the substrate.
Specific recommendations for the PV module installation and for acceptance depending on the application are finally devised. [ Fig. 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Torino. A pneumatic gun built to perform low-velocity impact tests [25] (maximum velocity of 20 m/s) with a spherical projectile having a diameter of 40 mm was used (see Fig. 2 ). The pneumatic gun apparatus is composed by several parts, herein described in relation to A preliminary set of shots was performed in order to derive a calibration curve relating the pressure of the stored air to the velocity of the projectile measured at the exit of the gun barrel. The obtained curve is shown in Fig. 3(a) . Moreover, this preliminary series of shots was used to select the appropriate velocity of the projectile to be used in the tests. IEC standards [10] prescribe to reproduce hailstone with molded ice balls, and provide a correlation between the impact velocity and the diameter of the sphere. However, this approach requires a careful examination of the ice balls before shooting, to avoid defective ice balls and ice cracks influencing the repeatability of the test itself.
Experimental tests
For research purposes, to assure repeatability and propose also a much simpler testing procedure, a polyamide sphere with a diameter of 40 mm was used instead of ice balls. In this case, the prescriptions of the IEC standard cannot be used, and the conversion of the velocity in order to have the same linear momentum as for the ice balls cannot be applied. In fact, polyamide and ice have also a completely different material response during impact, namely linear elastic for polyamide and brittle for ice that shatters into many pieces, contributing to energy dissipation. Hence, the selection of the velocity for the proposed impact tests was done in order to reproduce similar crack patterns and damage zones as in the case of ice. The crack patterns due to different impact velocities with polyamide spheres are shown in Fig. 3(b) . Impacts with a velocity of 10 and 12 m/s fully indent the solar cells with large dimmer areas representing electrically insulated regions, whereas impacts with a velocity of 6 and 7 m/s produce a well identifiable crack pattern similar to the effects of ice ball impacts.
In particular, the velocity of 6 m/s was selected as the most appropriate for the present setup.
[ Fig. 4 (a)-(c)). In the sequel, they will be referred to as hard, medium and soft substrate, respectively. strate to the medium case (see Fig. 4 (e)), damage becomes less localized and it spreads over a wider region around the impact point. The crack pattern is characterized by both radial and circumferential cracks, the extension of the latter being larger than the former.
The maximum radius r * of the circular area interested by the circumferential crack is 15.8 mm. Finally, the crack pattern with the soft substrate is similar to that of the medium one, although with even more extended circumferential cracks (see Fig. 4 (f)). In this case, r * is equal to 31.0 mm. On the contrary, the lengths of the radial cracks are almost the same as in the previous case.
[ The contact stiffness k sph of a sphere indenting a substrate can be deduced from the contact stiffness k cyl of a cylinder through basic contact mechanics formulae valid for a linear elastic continuum [26] . For a sphere, the indentation force F sph is function of the indentation depth u as:
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where L is the length of the cylinder.
The area of contact in the two cases is also function of the indentation depth:
The average contact pressure for the sphere can therefore be derived from Eqs. (1) and (3a):
and from Eqs. (2) and (3b) for the cylinder:
The contact stiffness can be obtained as the derivative of the average pressure with respect to the indentation depth. For the sphere and the cylinder they read, respectively:
Therefore, those relations allow the computation of the average stiffness due to the indentation of the halfplane by a sphere with radius R sph from the experimentally evaluated average stiffness of a cylinder with radius R cyl in contact with the same half-plane:
The contact stiffness of the three substrates subject [ Fig. 7 An implicit time integration scheme based on the Newmark method, and in particular the constant average acceleration scheme, is used in dynamics. The contact problem is solved by using the node-to-segment contact strategy [13] to identify the finite elements in contact. The penalty method is adopted to impose the satisfaction of the unilateral contact constraint. In this regard, the penalty method was preferred over the method of Lagrange multipliers since it was possible to pro- Fig. 8(a) ). Basically, the mass of the equivalent system is given by that of the sphere, since the mass of the portion of module interested by the impact is negligible. On the other hand, the stiffness of the equivalent spring has to take into account both the stiffness of the sphere and the contact stiffness. The governing equation for the SDOF system is: [ Fig. 8 The alternative approach to simulate the impact tests is based on the finite element method applied to the dynamic problem with a fully implicit time stepping
technique. The solution strategy adopted for this case is a step-by-step implicit dynamics, using the Newmark constant average acceleration scheme for time integration. At each time step, the Newton-Raphson incrementaliterative scheme is adopted to solve the nonlinear set of algebraic equations. The mass matrix of the finite elements was computed in lumped form and energy dissipation phenomena, for instance due to friction, were neglected. Due to the hyperelastic behavior of the EVA material, and in order to avoid instabilities, the time step was changed during the simulation, starting from 1 µs and decreasing it down to 0.1 µs by approaching the maximum indentation depth. As discussed in the Section 4, the present approach is the most accurate as possible, and it will be shown that it is more precise than the SDOF spring-mass model for the analysis of the stress field. On the other hand, it is computationally much more expensive, since it has to deal with dynamics, contact mechanics, and the nonlinear hyperelasticity of EVA at the same time.
Results
In this section, the predictions of the two numerical methods used to simulate the impact test are reported. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Due to the axis-symmetry of the model, the stress field is identified through the radial stress, σ r , and the circumferential stress, σ θ . In the case of the SDOF springmass model, the stress field is quantified from a quasistatic simulation up to a deformation level corresponding to a maximum indentation depth predicted by the SDOF method. As an example, the contour plots of the radial stresses are shown in Fig. 10 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 the envelope diagrams obtained from dynamic finite element simulations are considered first.
Considering a threshold value of 60 MPa for σ r (see the horizontal dashed lines in Fig. 12 ), the region potentially subjected to circumferential cracks is predicted to have an extension defined by a radius r It is worth noting that the tensile strength of intact mono-crystalline silicon is usually much higher than the threshold value assumed in this analysis. However, solar cells used to produce PV modules are cut from a big cylindrical wafer and are subject to several industrial processes up to their final incapsulation in the EVA layers. All of these steps can induce impurities, microcracks and defects leading to stress concentrations and a much lower nominal tensile strength.
Discussion and conclusions
The impact of simulated hailstone on semi-flexible PV modules has been studied from the experimental and the numerical points of view. With respect to [7] , the use of the EL technique represents a significant step 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 sess different laminate configurations both in terms of layers thickness and material composition, and in relation to different mounting substrates.
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